Abstract Aims: microRNA-101 (miR-101) is down-regulated in several cancers. In this study, we explored the effects of dysregulated miR-101 on breast cancer cells and the underlying mechanisms. Methods: miR-101 level was quantified by real-time RT-PCR. Cell viability was analyzed by MTT assay. Apoptosis was detected by flow cytometry and TUNEL assay. Moreover, the level of protein expression was determined by Western blot. Results: miR-101 level was markedly reduced in both the human breast cancer samples and cultured breast cancer cell lines (MCF-7, MDA-MB-231). Overexpression of miR-101 inhibited the proliferation and promoted the apoptosis in cultured MCF-7 and MDA-MB-231 cells, which were reversed by co-transfection of AMO-101, the inhibitor of miR-101. We validated Janus kinase 2 (Jak2) as a direct target of miR-101. Knockdown of Jak2 induced apoptosis in cultured breast cancer cells. Moreover, the level of miR-101 is negatively correlated with Jak2 in breast cancer tissues and cell lines. Conclusions: miR-101 suppressed proliferation and promoted apoptosis in breast cancer cells by targeting Jak2. These findings indicate that manipulation of miR-101 expression may represent a novel therapeutic strategy in the treatment of breast cancer.
Introduction
Breast cancer is the most common malignancy in women, accounting for 27% of all female cancers. Although various therapeutic strategies have been employed in treating breast cancer clinically, the clinical outcome remains far from satisfied. In 2008, breast cancer caused 458,503 deaths worldwide (13.7% of cancer deaths in women) [1] . Numerous efforts have been made to elucidate the mechanisms of breast cancer, and to develop novel therapeutic strategies. Apoptosis serves as a natural barrier to cancer development. Many studies have focused on the molecular and/or cellular mechanisms that underlie tumor formation and progression associated with apoptosis [2] .
Janus kinase 2 (Jak2), a member of the JAK family of protein tyrosine kinases (PTKs), is a crucial intracellular mediator of cytokine and hormone signaling and is ubiquitously expressed in virtually every cell type. A growing body of evidence demonstrates that the activation of the Jak2 signaling pathway is required for the growth of solid tumor cells. Jak2 was reported to be overexpressed in breast cancer [3, 4] , which promotes malignant cell survival and growth by modulating cell apoptosis partly through the up-regulation of Bcl-2 family members, such as mcl-1, Bcl-xl, and Bcl-2 [5, 6] .
MicroRNAs (miRNAs) are a class of small, ~22-nucleotides-long, non-coding RNAs that are believed to regulate the expression of up to 30% of human genes by binding to the 3′-UTR of mRNAs [7, 8] . A given miRNA may have multiple different messenger RNA (mRNA) targets. An increasing body of evidence indicates that miRNAs are important regulatory genes in mammals and are significantly involved in the development of many types of human diseases. The ectopic expression of miRNAs is closely associated with carcinogenesis and cancer progression [9, 10] . miR-21 and miR-657, which act as proto-oncogenes, are reported to promote cancer progression [11, 12] , whereas miR-29 and miR-145 are shown to be tumor-suppressor genes [13, 14] . The down-regulation of miR-101 has been reported in various solid tumors, such as colorectal cancer and hepatoma [15, 16] . The down-regulation of miR-101 and the increased expression of EZH2 (enhancer of zeste homolog 2) was first revealed in prostate cancer. Since then, the effect of miR-101 has been confirmed in many cancers, including breast cancer [17] . This study was designed to investigate the potential molecular mechanisms of miR-101 mediated anti-proliferative and pro-apoptotic effects in breast cancer cells.
Materials and Methods

Human tissue samples
Human breast cancer tissues were provided by the Third Affiliated Hospital of Harbin Medical University after approval was obtained from the University's Ethics Committee on the Use of Human Samples. The tissues were obtained from 20 individuals undergoing surgery due to invasive ductal carcinoma or invasive lobular carcinoma. The sampled tissues were immediately snap-frozen in liquid nitrogen and stored at -80°C.
Cell culture
Human embryonic kidney cells (HEK293; ATCC, Manassas, VA, USA) were cultured in Dulbecco's Modified Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS; Hyclone, USA). The human breast cancer cell lines MCF-7 and MD-MB-231 were purchased from Cell Bank of the Chinese Academy of Sciences (Shanghai, China) and cultured in RPMI 1640 (Hyclone, USA) supplemented with 10% FBS and 100 mg/ ml penicillin/streptomycin at 37°C in an incubator composed of 95% air and 5% CO 2 . MCF-10A cell line, a non-tumorigenic epithelial cell line, was cultured in DMEM/F12(1:1) (Hyclone, USA) supplemented with 5% horse serum, 10ug/ml insulin, 20ng/ml EGF, 100ng/ml cholera toxin and 0.5μg/ml hydrocortisone at 37°C in an incubator composed of 95% air and 5% CO2. MCF-10A was purchased from Cell Resource Center (Beijing, China).
miRNAs and siRNA transfection Negative control (NC), miR-101, and AMO-101 (anti-miR-101 oligonucleotide) were synthesized by GenePharma (Shanghai, China). miR-101 was non-chemically modified as defined in miRBase (http://www. mirbase.org/). Jak2 siRNA was purchased from Cell Signaling Technology. The cells were transfected with NC, miR-101, AMO-101, or siRNA using Lipofectamine 2000 (Invitrogen, USA) following the manufacturer's protocol.
Real-time PCR
The total RNA from the human tissues and cell lines was extracted using Trizol (Invitrogen, USA). The levels of miR-101 and Jak2 mRNA were quantified using the mirVana qRT-PCR (quantitative real-time PCR) miRNA Detection Kit (Ambion, USA) in conjunction with real-time PCR with SYBR Green I (Applied Biosystems, USA), as described in detail in a previous study [18] . The qRT-PCR was performed on an ABI Prism® 7500 fast thermocycler (Applied Biosystems) for 40 cycles. The following Jak2 primers were used for PCR detection: 5'-GGGAGGTGGTCGCTGTAAAA-3' (forward); 5'-ACCAGCACTGTAGCACACTC-3' (reverse). The relative expression levels of miR-101 and Jak2 were calculated through normalization to their internal controls, U6 and GAPDH, respectively. The relative expression intensity values were calculated as 2 -△△Ct .
MTT assay
The cells were cultured in 96-well plates, and each well was seeded with 4×10 3 cells. After transfection with 50 nM microRNA and negative control for 24, 48, and 72 hours, the viability of the cancer cells was detected with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT; Roche; Switzerland). 20 μl of MTT solution (5 mg/ml) was added to each well, and the mixtures were incubated for 4 h at 37°C. Then, 150 μl of dimethyl sulfoxide (DMSO) was added to the wells. The absorbance was measured using an ELISA plate reader at 490 nm. A high absorbance indicated a greater viability.
Flow cytometry
The cancer cells were transfected for 48 h then collected and washed twice with cold PBS (phosphate buffered saline). The cells were resuspended in 500 μl of binding buffer at a concentration of 10 6 cells/ ml and then mixed with 10 μl of Annexin V (Beyotime Institute of Biotechnology, China) for 15 min in the dark at room temperature (RT). Then 5 μl of PI (Beyotime Institute of Biotechnology, China) was added to the cells. After incubation for 5 min in the dark at RT, the samples were analyzed using a FACSAria flow cytometry (BD Biosciences, San Jose, CA, USA).
TUNEL assay
The TUNEL assay was performed according to the manufacturer's protocol (In Situ Cell Death Detection Kit, POD, Roche, Switzerland). Briefly, the cells were fixed in 4% paraformaldehyde in PBS, washed three times with PBS, and washed with 3% H 2 O 2 in methanol for 10 min at RT. After incubating with 0.1% Triton X-100 in 0.1% sodium citrate for 2 min on ice, the cells were incubated with the TUNEL reaction mixture for 1 h and then with DAPI for 5 min in the dark at RT. Fluorescence microscope (Eclipse 80I, Nikon, Japan) were used for data analysis.
Caspase-3 activity assay
The activity of caspase-3 was determined using the caspase-3 activity kit (Beyotime Institute of Biotechnology, China) according to the manufacturer's protocol. In brief, the assays were performed in 96-well microtitre plates. Ten microliters of the cell lysate proteins of each sample were incubated in 80 μl of reaction buffer (1% NP-40, 20 mmol/L Tris-HCl [pH 7.5], 137 mmol/L NaCl, and 10% glycerol) containing 10 μL of caspase-3 substrate (2 mmol/l Ac-DEVD-pNA) at 37°C for 4 h. The absorbance of the samples was measured using an ELISA reader at a wavelength of 405 nm.
Western blot
The Western blot analysis was conducted as described elsewhere [18] . The total protein was extracted from the cancer cells samples. Equal amounts of protein were loaded on a 10% SDS-PAGE gel. The lysates were resolved by electrophoresis (70 V for 30 min and 100 V for 1.5 h) and transferred onto NC membranes (nitrocellulose membrane, Bio-Rad, USA). After blocking in 5% nonfat milk for 2 h at room temperature, the membranes were incubated with anti-Jak2 (1:1000, Cell Signaling Technology, USA) or anti-phosphoJak2 (1:1000, Cell Signaling Technology, USA), anti-Bax, anti-caspase-3 (1:200, Santa, USA), and anti-Bcl-2 (1:200, Santa, USA). GAPDH (glyceraldehyde-3-phosphate) was used as an internal control to ensure equal protein loading. The Western blot bands were quantified using the Odyssey v1.2 software (Infrared Imaging System LI-COR Biosciences) by measuring the band intensity (Area × OD, Optical Density) for each group and normalizing this intensity by that of GAPDH. The final results are expressed as fold changes by normalizing the data to the control values.
Luciferase assay
To generate reporter vectors bearing miRNA-binding sites, the 3′-untranslated region (3′-UTR) of Jak2 and its mutation type were synthesized by Sangon (Shanghai, China). The construct was inserted into multiple cloning sites downstream of the luciferase gene (SacI and HindIII sites) in the pMIR-REPORT luciferase miRNA expression reporter vector (Ambion, USA). For the luciferase assay, 0.1 μg of luciferase reporters containing 3′-UTR were cotransfected with miR-101, or both miR-101 and AMO-101 into HEK-293 cells using lipofectamine 2000 (Invitrogen, USA). As an internal control, 10 ng of renilla luciferase reporters were also included. 48 h after transfection, the cells were collected and dual luciferase activities were measured by a luminometer according to the manufacturer's instructions [19] .
Statistical analysis
All the data are presented as means ± SEM. The statistical comparisons among multiple groups were performed using analysis of variance (ANOVA). If significant effects were indicated by ANOVA, a t-test using the Bonferroni correction or a Dunnett's test were used to evaluate the significance of the differences between the individual means. Otherwise, the data were compared by Student's t-test. A two-tailed difference with p<0.05 was considered statistically significant. The data were analyzed using GraphPad Prism 5.0 and SPSS 14.0.
Results
MiR-101 was significantly down-regulated in human breast cancer tissues and cell lines
To evaluate the level of miR-101 in breast cancer, qRT-PCR was used to quantify its expression in 20 couples of breast cancer tissues and normal adjacent tissues (NATs). miR-101 was significantly decreased in breast cancer specimens compared with NATs (Fig.  1A) . Furthermore, the expression of miR-101 in breast cancer cell lines (MCF-7 and MDA-MB-231) was compared with breast epithelial cell line MCF-10A (Fig. 1B) . miR-101 was also significantly down-regulated in breast cancer cells.
Effect of miR-101 on breast cancer cells
The successful transfection of miR-101 was shown in Fig.2A . We then explored whether the deregulated miR-101 will produce any effects on the proliferation and apoptosis of breast cancer cells. An MTT assay was performed to detect the viability of MCF-7 and MDA-MB-231 cells after transfection with 50 nM miR-101 for 24, 48, and 72 h. The data showed that the viability of cells was significantly decreased in the miR-101 group compared with the NC (control) group, with a higher inhibitory effect observed 48 h after miR-101 treatment (Fig.  2B) . 
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Annexin V and PI double staining and flow cytometric analyses were then performed to detect the apoptosis induced by miR-101 in MCF-7 and MDA-MB-231 cells. The apoptotic cells (Annexin V-positive) were significantly increased after miR-101 treatment, which was obviously reversed by the co-transfection of AMO-101 (Fig. 2C) . Moreover, the TUNEL assays also revealed that the number of apoptotic positive cells was increased in cultured breast cancer cells transfected with miR-101 (Fig. 2D) . These data indicated that miR-101 is antiproliferative and pro-apoptotic in breast cancer cells.
Jak2 is a direct target of miR-101
To elucidate the molecular mechanism by which miR-101 promotes breast cancer cell apoptosis, a bioinformatic analysis was performed to identify the potential target genes. Jak2 was predicted to be a potential target of miR-101 according to TargetScan database. We then investigated the regulation of miR-101 on Jak2 expression. We found overexpression of miR-101 significantly inhibited both the mRNA (Fig. 3A) and protein (Fig. 3B) expression of Jak2, which can be abolished by co-transfection of AMO-101. Moreover, the relative level of the phosphorylated form of Jak2 (p-Jak2) was consistent with the total Jak2 protein (Fig. 3B) .
To further validate whether Jak2 is a direct target of miR-101, luciferase reporter constructs containing a segment of the 3'-UTR of Jak2 (Jak2) or a mutated 3'-UTR of Jak2, which contained a mutated seed sequence (Mut-Jak2), were generated (Fig. 3C) . The constructs were co-transfected with miR-101 into HEK293 cells. Co-transfection of miR-101 strongly inhibited the luciferase activity of the reporter construct containing the 3'-UTR Expression of Jak2 and p-Jak2 in breast cancer tissues. Data were expressed as the mean ± SEM. n=4 for Jak2; n=4 for p-Jak2. *p<0.05 vs. NATs. (B) Jak2 and p-Jak2 were up-regulated significantly in MCF-7 and MDA-MB-231 compared with MCF-10A; n=6 for Jak2 and n=6 for p-Jak2 *p<0.05 and **p<0.01vs. MCF-10A. 
Discussion
In this study, we showed that miR-101 is down-regulated in human breast cancer samples, which is consistent with that of a previous study [20] . miR-101 expression was also reduced in the breast cancer cell lines MCF-7 and MDA-MB-231, which are estrogen receptorpositive and triple-negative (estrogen receptor, progesterone receptor, and ERBB2) breast cancer cells, respectively. We validated Jak2 as the direct target of miR-101, which accounts for the pro-apoptotic effects of miR-101 in breast cancer cells.
The discovery of miRNAs has opened a new avenue for both the diagnosis and treatment of cancers. Increasing evidence from experimental studies has demonstrated that miRNAs play crucial roles in the regulation of tumor proliferation, metastasis, and invasion and may offer potential therapeutic targets for cancer intervention and treatment [21] . miR-101 has been demonstrated to be one of the anti-tumor miRNAs. It was shown to be down-regulated in human gastric, liver, and pancreatic cancers. In addition, a lower expression of miR-101 is associated with poorer prognosis. A functional analysis has demonstrated that reduced expression of miR-101 promotes cancer proliferation and suppresses apoptosis by directly targeting EZH2 [22] [23] [24] . Another study showed that overexpression of miR-101 in gastric cancer cell lines inhibits cell proliferation and induces apoptosis in vitro, and inhibits tumor growth in vivo [25] . In this study, we explored the role of miR-101 in breast cancer. Consistently, we observed the down-regulation of miR-101 in human breast cancer samples and cell lines, and its pro-apoptotic activity in breast cancer.
Although recent studies also have shown that miR-101 is down-regulated in breast cancer and produced anti-tumor effects [17, 26] , the mechanisms through which miR-101 affects cell growth have not been fully elucidated. Previous studies mainly focused on its regulation of the oncogene EZH2 in breast cancer. In other types of cancers, miR-101 regulates the MAPK, Akt, and Wnt/β-Catenin pathways to exert its anti-tumor action [15, 27, 28] . In this study, we demonstrated the important role of Jak2 in mediating miR-101-induced apoptosis. Jak2 is a non-receptor tyrosine kinase that regulates several cellular processes by inducing cytoplasmic signaling cascades. Jak2 is involved in the proliferation, angiogenesis, immune evasion, and anti-apoptosis of cancer cells, and signal transducers and activators of Jak2 are constitutively activated in many human solid tumors, Inhibition of Jak2 was consider as a novel strategy in developing anticancer agents [29, 30, 31] . It is well accepted that Jak2 is overexpressed in breast cancer, which deteriorates breast cancer and promotes cell survival [4] . In the present study, we demonstrated the ability of miR-101 to activate apoptosis through the regulation of Jak2 in breast cancer cells. Down-regulation of Jak2 at both mRNA and protein levels was observed in the miR-101-transfected cells, which was alleviated by co-transfection of AMO-101.
We found that miR-101 suppresses Jak2 expression by directly interacting with the 3'-UTR of Jak2. This finding is also, to some extent, supported by the negative correlation between miR-101 and Jak2 in breast cancer tissues and cancer cell lines. The downstream signaling proteins Bcl-2, Bax, and caspase-3 of Jak2 were examined to further confirm the key role of Jak2 pathway in miR-101 induced apoptosis of breast cancer cells. Bcl-2 is an inhibitor of apoptosis and acts mainly by binding to and thereby suppressing the proapoptotic triggering protein Bax. Caspase-3 plays a central role in the execution phase of cell apoptosis. In this study we found the protein level of Bcl-2 decreased, while Bax and caspase-3 increased in MCF-7 and MDA-MB-231 cells treated with miR-101.
Although our study identified miR-101 as an important molecule in the control of cell apoptosis, it should be noted that the mechanisms by which miR-101 expression is reduced in breast cancer cells have not yet been determined. Additionally, we can not exclude the involvement of other mechanisms that may mediate the pro-apoptotic property of miR-101. Moreover, the relative importance of miR-101 to other tumor-regulating miRNAs in the development of cancer is also currently unclear.
Collectively, the present study demonstrated that miR-101 induces breast cancer cell apoptosis through the inhibition of Jak2 pathway. Our findings highlight the potential of miR-101 as a prognosis marker and therapeutic target for breast cancer
